Prediction of building collapse due to significant seismic motion is a principle objective of earthquake engineers, particularly after a major seismic event when the structure is damaged and decisions may need to be made rapidly concerning the safe occupation of a building or surrounding areas. Traditional model-based pushover analyses are effective, but only if the structural properties are well understood, which is not the case after an event when that information is most useful. This paper combines Hysteresis Loop Analysis (HLA) structural health monitoring (SHM) and Incremental Dynamic Analysis (IDA) methods to identify and then analyse collapse capacity and probability of collapse for a specific structure, at any time, a range of earthquake excitations to ensure robustness. This nonlinear dynamic analysis enables constant updating of building performance predictions following a given and subsequent earthquake events, which can result in difficult to identify deterioration of structural components and their resulting capacity, all of which is far more difficult using static pushover analysis. The combined methods and analysis provide near real-time updating of the collapse fragility curves as events progress, thus quantifying the change of collapse probability or seismic induced losses very soon after an earthquake for decision-making. Thus, this combination of methods enables a novel, higher resolution analysis of risk that was not previously available. The methods are not computationally expensive and there is no requirement for a validated numerical model, thus providing a relatively simpler means of assessing collapse probability immediately post-event when such speed can provide better information for critical decision-making. Finally, the results also show a clear need to extend the area of SHM toward creating improved predictive models for analysis of subsequent events, where the Christchurch series of 2010-2011 had significant post-event aftershocks.
Introduction
Increasing urbanisation worldwide has resulted in increased housing development, concentration, and resulting greater number of taller buildings [1], in both non-seismic and seismic zones. Seismic damage is thus a major risk with significant follow-on social and economic impacts. Structural health monitoring (SHM) arose from the need to accurately detect, localise and quantify damage after major seismic or environmental loads. Further, significant damage in a major event can be exacerbated in subsequent large aftershocks, increasing the risk to occupants, as well as the structure itself. SHM thus addresses the immediate needs of responders and leadership. However, it does not provide a ready, quantified means of assessing, the ongoing safety of a structure or the, potentially now modified, risk of collapse. This outcome requires a model to be made from the SHM results and either existing building data or a reasonably accurate surrogate. Such a model would enable further linear and nonlinear analyses to assess the risk of collapse and thus enable more optimal decision making for occupants and owners, as well as decision makers presiding over a city with many such structures.
Collapse prediction under seismic loading is one of the principal objectives of earthquake engineering [2] [3] [4] . In particular, large lateral displacements in tall structures can lead to P-delta effects [1, 5] . P-delta effects increase overturning moments, generating effectively negative post-yield stiffnesses, and thus increase the likelihood of global collapse. Degradation in strength and stiffness are also a related important consideration for buildings in seismic zones where inelastic response is common for major events, as inelastic response can degrade nominal and post-yield stiffness, generate consistent net added overturning moments, and thus increase the potential for collapse [2] . Hence, there is a need to know the structural stiffness degradation and inelastic net deformation to better estimate collapse risk. Figure 1 illustrates these effects [6, 7] . The degree of stiffness degradation is dependent on structural characteristics, such as material properties, geometry and connection types [8] . For structures with stability coefficients leading to negative stiffness, degradation is less of a concern, as usually gravity effects resulting in inelastic deformation will lead to rapid onset of collapse [2] . Other studies demonstrate more significant effects of stiffness degradation for structures built on soft soil [9] [10] [11] [12] . Hence, degradation and P-delta effects must be considered in monitoring structures and their behaviour to best estimate further risk after an event [13, 14] .
In addition, current SHM methods only assess damage states, but cannot predict future risk of collapse. More specifically, they can quantify damage in terms of stiffness changes, or more commonly, frequency changes, but cannot transform those results into quantified measures of risk of collapse or financial loss, which are necessary to aid decision making by responders and owners. The lack of trusted, accurate risk assessment of future damage and collapse led to significant disagreements about the level of damage and remaining lifetime of several structures in Christchurch, New Zealand after the events of 2010-2011, delaying repair and recovery [15] . On 22 February 2011, the already damaged CTV building collapsed, killing 115 of 1805 fatalities in this catastrophic event.
There is thus a need to link the results of SHM to prediction of further structural capacity, including P-delta effects, to enable better prediction of subsequent structural behaviour and thus risk. Incremental Dynamic Analysis (IDA) linked to SHM identified models offers a solution. IDA of practical structures is computationally demanding and, as a result, simplified methods approximating structures as single degree of freedom systems have been developed to provide approximations [4] . In addition, pushover analysis has been widely used to obtain the structural parameters for the simplified computational model required for implementing IDA [2, 4, 6, [16] [17] [18] [19] [20] . However, static pushover analysis is based on the assumption structures primarily oscillate in the first mode during earthquakes, where a static response spectrum, rather than a set of ground accelerations, is used to capture dynamic performance [21] . Hence, this approach can lack resolution and lead to inaccuracy, and a computational model created from dynamic analysis is needed to provide better accuracy.
In particular, Adam and Jager predicted earthquake induced side-sway collapse of nondeteriorating moment resistant frame structures vulnerable to P-delta effects [22] . They utilised a similar collapse capacity assessment using IDA, but with static pushover analysis used to identify parameters leading to collapse. However, this study disregarded deterioration of structural components and thus their initial state assumed an undamaged initial structure, which may not be the case post-event [13] .
The objective of this work is to combine SHM and IDA to extend SHM results from a damagemonitoring role into a more comprehensive tool for risk assessment of collapse and financial loss. A nonlinear hysteretic model can be created and updated based on the identified HLA SHM results after each major event, which thus significantly reduces the modelling uncertainty commonly seen in static push over analysis. In addition, the differences in dynamic seismic response to different events are also considered by using a wide range of earthquake records scaled for equal probability of occurrence. Finally, the implementation of IDA with an accurate computational model and this suite of earthquake records ensures accurate risk assessment of collapse and financial loss, extending SHM results from quantifying damage into quantifying risk and loss inputs for more optimal decision making.
This study is a proof of concept numerical analysis for dynamic IDA linked to a proven SHM method to provide potentially valuable risk assessment relatively immediately post-event.
Hysteresis Loop Analysis (HLA) is an accurate, proven, real-time dynamic SHM method [13, 14, [23] [24] [25] [26] [27] , providing realistic structural parameters for subsequent collapse prediction analyses. This study is the first to utilise HLA, or to our knowledge any SHM method, in combination with nonlinear IDA to identify collapse capacity and probability of collapse.
Methods
The proof of concept system is modelled as a single degree of freedom (SDOF) structure using an elastic-plastic bilinear hysteric model, and analyses cases with and without initial or prior stiffness degradation. Such a bilinear model has been widely used to represent the basic inelastic system with P-delta effect [2, 6, 17, 28, 29] , where the yielding displacement dy divides the response into an elastic segment and a plastic segment as shown in Figure 1 . The HLA SHM method [25] is used to determine the current damaged or undamaged structural parameters of the system. IDA methods [18] using a suite of earthquake records with incremented intensity are utilized with nonlinear dynamic analyses to generate collapse capacity spectra quantifying the probability of collapse for the SHM identified post-event structure under this range of input seismic loading. 
Hysteresis Loop Analysis (HLA)
Hysteresis Loop Analysis (HLA) [25] was used to identify building parameters including stability and hardening coefficient, elastic and plastic stiffness, and yielding displacement. It removes the need for the typically used static pushover analysis, which requires assuming first mode collapse, a structural model, and structural parameters [3] , where assuming a structural model in SHM can lead to errors if it is not accurate [14] . The HLA method extracts significant half cycles of seismic or ambient response using sensor data. Elastic and plastic stiffness values are identified using statistical hypothesis testing from the hysteretic force-displacement response. Yielding displacement is thus found from the maximum deflection prior to plastic deformation, and need not be based on assumed structural parameter values in a model, reducing uncertainty and error.
In particular, the equation of motion of a single degree of freedom (SDOF) is defined:
where , ̇ and ̈ are the displacement, velocity and acceleration of the SDOF system; m is the mass of the system; F(x) is the restoring force of the hysteresis system; and ̈ is the ground acceleration; c is the viscous damping coefficient with equation. Thus, the restoring force can be calculated:
The hysteresis loop can then be plotted using restoring force F(x) and the displacement x for this SDOF system, as shown in Figure 3 . The hysteresis loop can then divided by the turning point where the displacement is local maximum or minimum. Finally, the breakpoint can be found using hypothesis test [25, 26] to calculate the slope values for each elastic and plastic segments. The stability coefficient is a measure of the sensitivity to P-delta effect. It is the ratio of the second overturning moment due to structural weight to the bending moment due to the lateral seismic force [5] , which is thus defined:
where is the stability and hardening coefficient and a large value of is more likely to yield a negative stiffness and collapse. K is the initial structural stiffness, assumed or identified using HLA, excluding P-delta effects, P is the weight (kN) of the building, h is the height of the building.
The equations used to determine the stiffness values are defined:
where is the stability and hardening coefficient, and Ke and Kp are the values for elastic and plastic stiffness from the HLA identification.
Thus, the stability coefficient can be rewritten as a function of identified Ke and Kp values from the HLA SHM method, and defined:
Incremental Dynamic Analysis (IDA)
Incremental Dynamic Analysis (IDA) is a parametric analysis method used to more thoroughly estimate building performance under seismic loading to quantify the relationship between seismic capacity and demand, potentially leading to evaluation of financial risk [3, 16, 18, 30, 31] . This relationship is found by subjecting a structural model to varying ground motion records scaling the intensity of the records in increments until, in this case, collapse is predicted [3] . This analysis results in multiple curves of any intensity measure (IM), such as peak ground acceleration, plotted against any engineering demand parameter (EDP), such as maximum deflection or drift. [6, 7, 16] . This plot quantifies the largest earthquake intensity at which a structure maintains, in this case, stability for each particular ground motion and is used to determine the global collapse capacity of a specific structure [2, 18] .
There is no unique definition to characterize the intensity of an earthquake record [2, 18, 32 ].
An accepted method is to use the normalized spectral acceleration damped at =5% at the structures fundamental period ( ( 1 , 5%)) as a fraction of the product of acceleration of gravity, g, and the base shear coefficient, γ. In this study, spectral acceleration at the structures first mode period has been used as the intensity measure, as it has been found to be an efficient, structure specific intensity measure compared to peak ground acceleration or velocity, which are not site specific [32] , where the site can have significant impact on response [12] .
The result of the IDA is thus highly dependent on the earthquake record used, as the variability of different ground motions leads to different collapse capacities [30] . Thus, the analysis presented is performed for a range of n ground motion inputs [33] , providing a range of ground motion spectra and thus adding robustness to the results.
The maximum intensity measure where a small increase of intensity lead to dynamics instability is defined as the collapse capacity for a specific earthquake [34] . The classification of the collapse capacity for multiple earthquake events, CCi, is defined:
Where g is gravitational constant and  is defined:
Where m is the total mass of the structure and fy is defined:
Where dy is the yielding displacement and K is the initial structural stiffness, assumed or identified using HLA or another SHM method.
This analysis utilized peak ductility, , as the damage measure or EDP, which is defined:
Where dmax is the maximum displacement response, and dy is the yielding displacement, which can be found from the response data from a prior event.
Collapse occurs when the plastic segment of the hysteresis loop in Figure 1 intersects the xaxis at a non-zero value. The increments in seismic input were thus refined accordingly to best represent the likely ductility range of a real structure for each earthquake to capture the intensity at collapse with good resolution, rather than relying on a fixed set of increments. The probability of collapse for the specific structure is then determined by fitting a log-normal distribution curve to the collapse capacity values, , for each earthquake to assess the magnitude causing collapse and its relative likelihood of occurrence.
Degradation Analysis
Stiffness degradation was incorporated in a second analysis based on the total energy dissipation for each cycle and calculated from the total area enclosed by the hysteresis loop for each half cycle. A stiffness degradation parameter, , was defined:
where is the stiffness degradation constant, and is the energy dissipation for half cycles including plastic deformation. Therefore, the changing stiffness K(t) can be defined:
This method allows continuous updating of the stiffness values throughout the analysis if degradation due to prior events is to be included.
HLA can identify stiffness degradation ( ) over time, which thus offers an update of the collapse probability after each event. In addition, the degradation coefficient could also be calculated using Equations (11)-(12) once ( ) is identified from HLA. In particular, the dissipated energy can be calculated by the accumulated plastic deformation in the bilinear model [26, 35, 36] , as shown in Figure 3 . Energy dissipation could also be calculated using hysteretic displacement and identified stiffness degradation in other more complex hysteretic models [37, 38] .
Note that degradation, as defined in Equations 11-12, can also be defined to mimic a known degradation measured during SHM for a given building or class of buildings. This approach can thus be used to mimic a structure during a prior event or to apply an assumed degradation to a similar structure in evaluating the potentially increased risk for a forthcoming event.
Case Study/ Proof of Concept Analysis
This methodology is used in a proof of concept case study to determine the probability of collapse for a 7-storey steel moment resisting frame (SMRF) structure with known properties, as defined in Table 1 [39] . The initial stability coefficient, θ, is calculated to be 0.1014 using Equation (6) . The effect of stiffness degradation is included, as variation of , and T0 would change the collapse capacity [7] . The structural response of the modelled structure subjected to an earthquake excitation is first simulated with added 10% RMS noise using the Newmark-β integration method with a sampling frequency of 1000Hz for the acceleration and a sampling frequency of 1Hz for the displacement, representing realistic sensor measurements, sensor noise, and sampling rates [14, 25] . The HLA method is then applied to the modelled response with added noise to identify the structural parameters for input to the IDA procedure, thus simulating the overall SHM of a "real" structure with known behaviours in this case, followed by IDA using the identified structural parameters to assess the risk of collapse.
The structural model is a typical SMRF building in California [39] . Therefore, a suite of 20 earthquake records in Table 2 representative of ordinary earthquakes recorded in California having a probability of exceedance of 10% in 50 years are selected to capture the typical range of structural response in the building areas [20, 33] . Given the identified structural parameters, the IDA procedure can then be performed using the selected 20 records to provide an accurate estimation of seismic demand. The IDA curves and the probability of collapse for the modelled structure are assessed for each specific ground motion from the 20 earthquake events. From this curve the exact intensity of collapse and its likelihood of occurrence are calculated.
There are thus results obtained using the HLA method and then subsequent IDA analysis.
Equally, there are ground truth, direct simulation results to provide the "truth" for comparison.
These results are compared for each event and on average to assess the performance of these two methods in combination, and thus their potential for use in real-time monitoring and decision making after an event.
These analyses are all run including P-Delta effects. They are run without including stiffness degradation first. Subsequently, stiffness degradation is included in a repeat analysis, using Equations 11-12. These analyses demonstrate both the added impact of stiffness degradation on eventual subsequent collapse, and the ability of the overall method presented to incorporate this added effect.
In each case, the results lead to a probability of collapse capacity, CCi, for each event. These results are compared between simulated ground truth from the proof of concept case study, and the same value as determined via the combination of HLA structural identification and subsequent IDA analysis using those identified structural parameters from the SHM analysis.
The comparison thus quantifies the potential of mixing proven SHM and IDA methodologies to rapidly provide collapse risk assessments right after a major event. 
Structural parameter identification
The mean values of HLA identified structural parameters and resulting stability analysis for the 20 different earthquake events are compared with the ground truth results from direct numerical simulation in Table 3 . The values identified are sufficiently close to the numerical model ground truth, despite the 10% RMS added noise, matching prior analytical and experimental results [13, 14, [25] [26] [27] . HLA identified structural parameters for each earthquake, including the collapse capacity found using IDA, are shown in Table 4 .
Values for plastic stiffness and yielding displacement were excluded where ground motions were not large enough to cause significant plastic deformation or when the structure was rapidly driven to collapse not allowing a sufficient number of plastic deformation cycles.
Collapse capacity in all cases was identified through scaled magnitude of the ground motion until collapse. The IDA curves generated for incremented magnitude for each earthquake until collapse are shown in Figure 4 . It shows the effects of different earthquake ground motions on the specified proof of concept structure. Additional lines showing the median and 16 th and 84 th percentile (* / of 1 multiplicative standard deviation [40] ) of these lognormal distributed values are also plotted in Figure 4 . over all 20 events, which is 1 multiplicative standard deviation in each direction from the median of the lognormal distributed results. Most earthquake ground motions lead to a softening structural response, with gradual degradation towards collapse. Some earthquakes lead to more severe hardening and non-monotomic structural behaviour, which has been previously reported [18] . This variation in results illustrates the varying demand structures are subject to during seismic excitation depending on the type and characterisation of the specific ground motion input [30] , and further validates the use of multiple events to generate a robust risk profile. The CCi value for a specific ground motion corresponds to the intensity measure (IM) Sa/gγ when the story drift goes to infinity or dynamic side-sway instability of the structure is reached for a given ground motion. Thus, the CCi value varies over events due to the random nature of ground motions, which is denoted as aleatory uncertainty [20] . Hence, the median value in Table 5 may be considered as the representative CCi for this particular structure and the given set of 20 different events, while the 16 th and 84 th percentile of the CCi values characterizes their distribution statistically [6] .
Probability of collapse
The consequent probability of collapse under seismic excitation for the 7-storey structure is shown in Figure 5 as a function of the collapse capacity value, CCi. This result is generated based on the collapse capacity of the structure found for all 20 different earthquake excitations from the IDA. Figure 5 shows that the probability of collapse of a particular structure can be reasonably estimated by a log-normal distribution, as also noted in the presentation of the results in Tables 4-5 and Figure 4 . 
Stiffness degradation analysis
Further analysis including stiffness degradation per Equations 11-12 assesses the impact of stiffness degradation, where the structure is assumed to be further damaged during a subsequent event from the initial event used to find the HLA identified structural parameters. In general, it would be assumed that a structure would thus collapse more easily and at a lower intensity as a result of continuing structural degradation. As a result, the risk is expected to increase with the curve of Figure 5 moving left. However, this analysis quantifies the amount of this change, and thus whether its inclusion is necessary given the reasonable, assumed degradation profile defined in Equations 11-12.
Seismic motion from EQ19 in Table 2 is used to illustrate the extent of degradation in both elastic and plastic stiffness in a subsequent event, and to illustrate its impact on the hysteresis loops used in the HLA method. Figure 6 shows the hysteretic response of the structure to EQ19 with (left) and without (right) stiffness degradation, where P-delta effects are included in both cases. The changes are qualitatively reasonable for such a large event. Finally, Figure 7 compares the changes of elastic stiffness over time between the HLA identified values and the simulated true values found using Equations 11-12 in the case study structure, validating the ability of the HLA method to provide accurate estimation of structural parameters for the IDA procedure. While Figures 6-7 show an example, IDA was implemented across all 20 earthquake events with the updated structural parameters from HLA identification used for each subsequent event. The probability of collapse is then re-evaluated considering the continuing degradation of stiffness combined with P-delta effects. Figure 8 compares the new collapse fragility curve obtained considering structural degradation with that of Figure 5 without degradation. In particular, the blue line represents the original non-damaged collapse fragility curve with data points (x), and the red line is the updated collapse fragility curve with data points (dots) caused by stiffness degradation during EQ19. There is notable change in risk, as expected, for this proof of concept analysis.
It can be seen that the collapse potential represented by the probability of collapse at discrete hazard levels increased as stiffness degradation with the assumed model in Equations 11-12 occurred. More importantly, the change of the collapse safety is also quantified over events due to the use of the HLA method, which is not the case for the static pushover methods typically used. In particular, the collapse capacity or IM in 10% probability of collapse after the degradation dropped to 4.9 from the original curve ( Figure 5 ) value of 6.4, which can be compared to any designed tolerable probability of collapse such as 10% probability of collapse at the 2% probability in 50 years with 90% confidence [20] . It thus provides more intuitive and accurate estimates of potential earthquake induced losses, which enables improved decision-making for hazard mitigation. This analysis clearly shows the combination of HLA and IDA analysis can provide the same results as a nonlinear analysis, validating the concept. The main advantage is the robustness implied by the ability of the HLA method to accurately identify structural parameters through a major event. Thus, there is no need to assume model parameters for an already damaged building for the IDA analysis, if the desired result is the current collapse capacity curve and consequent risk of collapse.
In addition, the combined HLA and IDA algorithms can be done within 15 minutes using Matlab on a 3.6GHz Intel Core i-7 machine. More importantly, the computational time could be significantly reduced to one minute or a few seconds by running different events in parallel with a more efficient C/C+ program or computer. Therefore, the overall combined method shows the potential to offer a rapid or effectively real time risk assessment of collapse probability and decision-making within a few minutes or less.
In terms of benefits and limitations, the results in Figure 8 also show the clear need for predictive structural models that can accurately predict potential degradation. In particular, while HLA SHM can identify current parameter values effectively, it cannot predict how the structure would degrade for a future event. In this analysis, the limitation is the assumed degradation model of  where the plasticity defined in the bilinear model can be difficult to quantify the exact energy dissipation and degradation. While realistic, it may not hold for a given structure, impacting the benefit obtained from the resulting IDA and risk assessment when degradation is included. There is thus a need for what is effectively a "virtual structure" with predictive capacity for future events, but built off identified current values, similar to biomedical engineering "virtual patients" [41] [42] [43] [44] . Thus, a more complex smooth hysteretic model, such as a Bouc-Wen model [45, 46] could be used to capture the continuous change of plasticity in the future work. However, this proof of concept analysis clearly shows how collapse risk can be accurately quantified if such predictive capability can be obtained, and thus shows a clear need for such a capability.
This study has some further limitations. In this case, the added noise has been shown to be larger than expected and the HLA method is robust [14, 25, 27] , creating a conservative case analysis. However, if data were measured not at high enough resolution so only simple models could be identified, the method presented could be limited in the quality of assessment. Thus, as with any SHM or parameter identification method, sensor quality, location, and quantity directly relate to the quality of the identified parameters [47, 48] .
Equally, if the sensors had specific, unknown bias, or larger than expected errors or failure, the analysis would be flawed and the assessment inaccurate. There is thus the reduced risk of assuming a model and parameters for a damaged structure with this approach, where an inaccurate assumed model will impact the results [14] . However, this aspect needs further study and reinforces the need to both more extensively validate the results presented experimentally and/or in situ, as well as the need for better predictive nonlinear dynamic models developed from identified SHM results, which would extend SHM from a damage monitoring role into the foundation of prediction and risk assessment.
Conclusions
This paper presents a novel combined SHM and IDA methodology to assess collapse risk for a structure after a major event, a major need in providing better post-event information for decision making on building occupation and the safety of surrounding areas. It also quantifies the increased risk when structures realistically degrade further under large post-event aftershocks, such as those seen in the Christchurch series of events in 2010-11. This latter result thus highlights the needs for not only implemented SHM to assess current capability, but also the ability to utilise these results in predictive models, which currently do not exist. However, the analysis presented clearly shows the potential of accurate assessment of collapse risk by combining SHM and nonlinear dynamic analysis methods.
Importantly, the results were obtained with relatively very low computational effort, so the results would be available very soon post-event. Although this paper excluded strength degradation a similar method to the stiffness degradation could be used to account for cyclic deterioration of strength following seismic events, and is readily identified and thus accounted for by using the HLA method.
Finally, the overall method is generalisable to assess the risk associated with any typical engineering demand parameter, as well as to thus utilise these methods with existing methodologies to extend them to financial risks and annualised estimated costs.
